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SUMMARY 

The maKnetic properties and spectral characteristics of iron oxides 

are distinctive. Diagnostic features in reflectance spectra (0.5 to 2.4 

3-f 

mn) for oFe20j, YFe20^ and FeOOll include location of Fe absorption 
features, intensity ratios at various wavelengths (in particular R(O.b)/ 
R(0.75 pirn), R(l.O ^m)/R(1.2 ^un)), the curve shape between 1.2 pun and 
2.4 ^m. 

The reflection spectrum of natural rock surfaces are seldom those 
of the bulk rock because of weathering effects. Stains provide "over- 
prints", while coatings m.ay obscure the bulk material entirely. Coatings 
are found to be dominated by iron oxides and clay. This simple nuicroscoplc 
model of rock spectra (based on concepts of stains and coatings) is 
considered adequate for interpretation of LANDSAT data. 

Tile nuignetic properties of the materials associated with specific 
spcciral types and systematic changes in both spectra and magnetic 
properties are considered. The magnetic properties of asteroids can be 
specified by virtue of laboratory meteorite spectra nuitches with telescope 
reflectivity spectra from asteroids. It the Martian surface contains a 


raonttnor 11 Ionite clay, the clay muHt be Iron rich, and In a low atate of hydration. 


Available Mira apectra la of insufficient reaolutlon to provide an 
Ident if icat icn of species responsible for the coloration of the surface. 
INTRO DU CTION 

A reflection spectrum represents the fraction of incident radia- 
tion reflected from the surface as a function of wavcl<*ngth. Natural 
rock surfaces are generally admixtures of exposed r«tcl. and weathering 
products. Reflection spectra are further Influenced by physical 
characteristics such as surface roughness which Is In turn related to 
grain size and rock texture. Much of the available spectral Information 
derives from laboratory studies of pi>wdered rock and pure minerals 
(Adams & Felice, 1967; Hunt et al. (1971; 1973a; 1973b; 1973c; and 
many others) and Is therefore of limited use in evaluation of real rock 
surfaces. Soil colors are also strongly dependent on the nature of 
weathering products and in particular of Iron compounds. Such systems 
represent the actual surfaces viewed by LANDSAT and the Viking Landers. 

Weathering products are to a large extent composed of oxides, 
oxyhydiates, and oxyhydroxldes of varying degrees of crystallinity. 
Magnetic techniques can in principle be used to characterize the Fe 
products since each pure species has a characteristic set of magnetic 
properties (Wasllewski, 1974). These magnetic properties can be used 
to follow the alteration of the Fe species. In addition, depth of 
weathering can be characterized using magnetic techniques. 

In this paper the magnetic prooert les and diagnostic reflection 
spectra for Fe-Fe^O^-yFe^O^, aFe20j and FeOOH are presented and several 
examples of natural rock surfaces, soils, clays and powdered rock are 


conHidori'd. Hu' primary aim cf thlM papor 1 h to identify the dicgnoHtic 
featureM of Fe oxide spectra and eMtabliah the connect ion between nwignetic 
properties and the lef lection spectra. 

SPF. CTRAl . 

Reflection spectra (0.5 ^Jm to 1.2 jam) of Fe, Fe^O^, ^Fe20^, 
aPe20j and Fe(XW have been found to be distinctive (Wasi lt*wskl , 1974). 

Data of Liese (19i>9) and Kodanui et al . , (1977), extend the iron oxide 
"fingerprints” out to 33 ^im. Tliese results suggest that the spectral 
range between 0.5 ^ and 33 ^im can be used to characterize in some 
detail the relative significance of iron oxides and clays in natural 
weathered surfaces since clays and iron oxides are easily discriminated. 
Reflectance curves were measured in conventional manner on a dual beam 
CARY 14 recording spectrophotomt’ter , with a smoked lUiSO^ reference. 
BRlIDi:RHEj M CHONDRITE ( I,b) 

Reflectance spectra for mineral separates from the Rniderheim (I,b) 
chondrite are shown in Figure la . Magnetic hysteresis loops (measured 
at 78K) for each of tht« sep.irates are shown in F igure 2 - the values of 
paramagnetic susceptibility end the saliir.it ion moment of the f erronuignet Ic 
impurity are indicated. Also ir.clui'ed in Figure l.i is the reflectance 
spectrum for Fisher electrolytic iron powder. Tlie silicates have the 
appropr l.ite absorpt ion features (Adams, 1974) while metal and trolllte 
are featureless, the reflectance increasing with wavelength as expected 
(see C.affcy, 1975), and are therefore different from which lias a 

flat reflection spectrum wltli a broad and shallow .ibsorptlon centered 
near 1 .0 pm. 
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qx I DAT low OJ^FvjPi^ AND THERMAL DECOMPOSITION OF gFf(HlH and YF f?Oi 

Changtfg In reflectance aaaociated with OKidatlon of pi>wder 

(1 lam - 702*1) are documented In Figure IB . The experiment conglsted 

of heating one each of 6 Identical diahea of 7029 In an open ended 

tubular furnace at each of the Indicated temperatures fur one hour. 

Samples were X-rayed using a N 4 >relco diffractometer with Iron filtered 

Co radiation (Figure 1). ^*' 3^4 ***' (saturation magnetization) 

value of 94 emu/gm, the y phase (R) had an Ig value of 66 emu/gm, no 

detectable aFe 20 ^ and no extra non cubic X-ray lines. Sample E (500'*C) 

and F (600°C) were red and showed only aFe 20 j In the X-ray pattern. 

However, the reflectance «»t E at X > 1.2 was considerably reduced 

compared to F. E had an value of ~ 6 emu/gm compared to F with Ig ~ 

3-f 

emu/gm. Both E and F had the 0.87 pra Fe absorption feature. 

The characteristic features for aFeOOH, aE’c 20 j and yFe 20 j over the 
range 0.5 to 1.2 jam are Indicated In Figure 1C . This figure Illustrates 
the reflectance curves observed before and after thernuil conversion 
(600*^C - 2 hours in air) of both aFelXlH (Yf.O 1988 pigment) and yFe 20 ^ 
to aFc 20 ^. Beneath the curves are letters a, b, and c. 

a - Is the feature observed as a band at 0.64 jam In synthetic aFe03H, 

but usually recorded as a distinct shoulder in most natural samples. 

• Tliis feature flattens the ipectrum between 0.6 and 0.75 jam when FeOOH 
is dominant. 

b- Is the 0.85 - 0.87 jam absorption feature observed for aFe 20 j. 
c- is the ~ 0.9 h*m feature observed in yt'e 20 j and FeOOH, and actually 
may extend out to 0.94 ^ depending on experimental variables, i.e., 
method of preparation, presence of absence of a superlattice in yFe 20 j 
etc. This will be considered below. 
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MACHh^ t T T K-Hh:MATlTE-U)K THITK 

By X-r.iy dlffmot Ion .-inalyNtH Hovoral Hpoclflc ^Fc‘20^ typcB are 
ri'connir.od, diio to thi* proaonre or ahaoni’t* of non-ntignot Ite llnoa 
(aoo Rornal et al., 19^8). Tlu'He are Hiiporlat t loe linos and tholr 
prosoiit o or absonoo doponds on llu* motluHl of proparat Ion - f4*r oxampli*: 

aFolXMl ”• aFo 2‘'3 “* *’'** 3 ‘\ “* (tiu* normal mot hod of proparat Ion 

for rooordluR modia), Fo( 0 H )2 “• *'’** havo 

dlfforonl X-ray pattorns. T ablo 1 lists strnio of tho proportion of 
3 Fo 20 ^ namplos usod In this study - tho X-ray pattorns aro shown In 
Fl^nro A. Hoaks having blaok dots abovo thorn aro tho non-cMiblc extra 
linos. All of tho saraplos listed In Table 1 hIiow extra non-cublo linos. 
Only tho \Fo 20 ^ produced by oxidation of 7029 (see Figure lb an. 

Figure 1) had tho cubic pattern with reduced coll size as expected for 
YFo 20 j. This Y phase had a distinct dark brown color. All of the 
YFO 2 O 3 samples listed In Tablo cowortod to uFo 2 f'-^ on heating fi>r 
1 hour at bOO^’c, developing the characte.'lst Ic 0.87 »im Fo absorption 
feature. Tl>ermi>magnet Ic curves for tlte ^ 

gr.ided Fe.^0^ (produced by grinding bulk nuiterlal) are shown In Fig ure 5 . 
On heating to blo" In approximately 1 hour (H ■ 1000 oe), and then 
turning off the furnace to cool, all samples converted to 

aFo 203 (determined by X-ray and reflectance curves). Note that the 
curve shapes ai e different. 2530 and 5029 show an almost linear de- 
crease In nuignet l/.at Ion wltli temperature out to ~ 525 C .ifter which 
the magnetization drops off sharply on continued heating. In 2035 the 
decrease In linear out to ~ 400‘\: after which the magnetization curves 
smoothly to zero. In 9853 the magnit Izat Ion decreases continuously and 
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Mimtothly to xt*ro. Noti* lh.it 2M0 ami S02‘> (T abl>» 1 > luivi* iilmllar 
’o«*rclvlt U*M .iml aa wt* Hhall not* tlu'lr r»*n«H't.nu'o t'lirvon aro almllar, 
whllo ‘JMS 1 ami 201S aro dlfforoiu fr.w oaoh othor ami from 2011-2S10. 

TtiuN whilo not oMtahl iahii.:* *lu* orl|t*n of tho d 1 f foroiu'oH , a* I data 
dfiP.mHtrato tho dlatlnotlvo aaiuvtM of dlfforont ^Ko 20 j'm, i.o,, both 
RuiKiiot ic and npootral d 1 f f oronooH . 

^Ko ,0 . roflootlon Hpi'otra aro hIv'wii In K^uro hA. Tho Fo'^ ahaorpt li*n 
foaluro la looatod ~ 0.*)2 2^ U) and S02*) aro almoat Idontli’.il whllo 

2015 and ‘>051 havo dlfforont ahapoa and tho Fo foaturo la ahlftod to 
Bllithtly hluhor lioat Ing 50.’‘) and 25 10 for I hour at 200'c produood 
no X-rav doti'otablo aFo^Oj but did ahlft tho poalt Ion of tho Fo ' foaturo 
to allglitly hlghoi k auRt;oat lug a ro-ordor lug phonomon.i af foot lug tho 
Fo onv 1 ronmont . Tlio ahli' In tlio Fo ^ fo.ilun* w.ia groator f»»r 25JO 
and tho roflootanoo dooroaaod dramalloallv, flattonlng bolwoon 1.2 ^im 
and 1.7 ►uti a.tor which a linear Inoroaso witli k w.ia recorded. 

In F igure hB It la aeon lliat b«*lh aFo ,0 ^ and aFoiXlH flatten between 
1.2 and l.l wlillo ^Fo^Oj dooa not until 1.5 aFo^Oj ronulna 

cont liuioua ami more or loss fl.it or alopoa araoo»*’’y and alight ly di'wnw.ird 
bovond 1.2 ^un (see Figure ^Ko.,0j ch.ingoa .ibruptly botwoon 1.7 and 

1.85 aloping upward out to 2.4 ^un or remaining flat boyoiul 2.0 
(F igure b A) . u.FolX)|| alopoa dt>wnward bovond 2.1 ^un producing a d.>mo ahapo 
botwoon 1.2 .ind 2.4 ^Jm. 

Oharactor 1st lea of tho FoiXXI, aFo^O^ and apoctra aro 

atunm.irlzod In Figure bll. Figu re bB prosonta two aola of spectra (a) - 
oFovK'H and aFoiXXl healed 2 hours at hOO^’c! (• aFo.,0.p and (b) ^Fo^O^ 

(25101 and tlio s.imo ho.itod at 500‘\' for I hour and b00‘' for 1 hour 
(■ oFo 2 t'j) • !•' oacli case tho ~ 0.92 fUn .ibsi»rpt Ion shifts .o 0.87 

b 


on convetHlon to (X-ruy Ident If Irat Ic n) . ConparinK tho ratio of 

reflectance (R) at 0.6 »jn to that at 0.75 (Table 2) Hcparatea FeOOH 
from a or liFe20j aince It cimaldera the 0.64 ^ feature. The ratio R 
(1.0 to R (1.2 ►an) conaldera the change In slope between 1.0 ^ro and 
1.2 fim and Hcparateii ^Fe20^ from oFOjO.^ and aFeWH. Nt>te tlwit the 
abaorptlon is more Intense for aFe20^ than for YFe20j and the 'bright 
peak* shifts frtwj ~ O.H ^ to 0.75 ^tm on Y "* oFe20^ conversion. The 
specific absorption features for oFe20j, YFe20j, and oFelXlH are Identified 
in Figure 6B. 

IRO N OX IDE DIACNOSTICS (SYNTHKTICS) (see Table 3) 



le feature 

'bright feature' 

R(0.6)/R(0.75) 

R(1 .0)/R(.12) 


0.87 ^im* 

~ 0.75 ^.m* 

~ 0.50 

~ 0.58 


0.92-0.94nm* 

~ 0.80 ^un* 

0.92 

~ 0.72* 

OFelXXl 

0.64* and 0.90- 

~ 0.77 urn 

~ 0.85* 

M 0 • fiO 


0.92 ura* 




Curve shape 

beyond 1.2 >.im 




aFo 20 ^ 

- turnover at 

1.2 ^un and essentially 

flat or slight 

1 inear 


decrease with \ out to 2.4 >om 

aFeOOH - turnover at ~ 1.25 >.im, flattens at 1.3 ^am describing 
a gentle dome out to 2.4 ^.aii 

YFo 20 j - turnover to flatten at 1.5 (_im, flat response out to 
between 1.7 to 1.85 4 m then abrupt slope change up- 
ward to ~ 1.9 urn and thereafter continuously increasing 
reflectance out to 2.4 ^jm. 

Natural materials present specific variations on the above since the 
natural samples are never simple one component, highly cyrstalline. 
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grain Hill* aortfd Rurfucon. For FoOOH, nnliir.il RurfacvR, tlu« 

rogton botwoon O.b nnJ 0.7S 1 r bent licRcribod ns a Rtrpptnl plateau 
rfltb the dip at 0.b4 InHte.id of tht veil developed 0.64 'band*. 

TIte preHenoe of clayn and water modify :>.e curve shape out to 2.4 
an described earlier in this paper, and nuiy dominate the Rhape from 
1.2 to 2.4 ^m . 

KBr pellet absorption spectra presented by I.iese (1*169) and 
Kodaimi (1*177) (6 out to 33 ^jm) provide additional evidence for the 
spectral uniqueness of iron oxides (F igure 7 ). 

NATURA l. SAMIM.FS 

Roeje Surf.tcejB - In real situations it is uncommon to find rock 
surfaces which .ire unaltered. In our studies the working definitions 
of rock surface state are as follows: " •* *^‘“* face or 

broken surface showing absence of iron oxide weathering. Tlie rock type 
can be Identified and prim.iry mineralogy and texture ascertained when 
grain size is sufficiently large. Tlie level of reflectance is determined 
by rock basicity. S tained surfac e - all recognition character isc ics 
are the s.ime as for the fresh surface. (Hiis surface is aiuilagous to 
stained wood.) The reflection spectrum is that due to the rock type 
plus a stain overprint which 'colors* tlie rivk. The nuiximum effect is 
noted for acidic rocks. Coated surface - a coating, which is analogous 
to painted wood, renders visual rock identification impossible. The 
reflection spectrum is due mainly to the makeup of the coatinr. 

A plate .w 1 cm thick was cut from a granitic hand s.imple about 10 cm 
X 10 cm X 20 cm collected by Or. R. 0. Warner from the Idaho Rathollth. 
From the adjacent rem.iiaing bulk s.imple, surface slices several mm thick 
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were renwed, corresponding to the lo^ntlons 3). 34, 3^, 36 In 

Figure 8A. The location of the light and dense Iron stain, and no 
stain regions of the slice are Indicated. !«peclinens 33 and 34 had 
stained surfaces, the SIO 2 , feldspar and itkiflcs were clearly Identifi- 
able, while specimens 33 and 36 wi*re coated with a dense Iron oxide. 

Tlte scanning electron micrographs (Figure 9) of the surfaces of 33 
(\,R) and 36 (C,D) document the difference between stained and coated 
surfaces. Crystalline surfaces are visible In A anc B, qualitative 
EDAX spectra Identifies Fe, Ca, A1 , etc. while In C and D, which shows 
no evHence of crystalline faces and an 'amorphous '-globul ar surface, 
only Fe Is Identified In the F.r'.A spectra. The reflectance spectra 
for 33, 34, 35 and 36, and the fresh surface are slu^wn In F igure 8B. 

A thin strip was cut from the plate as Indicated l.i F igure 8A and 
the strip was cut Into blocks A to H. An arbitrary X-Y-Z orientation 
system with sense as Indicated was transferred to each block. F igure 8C 
Is the magnetometer record of the NRM (natural remanent magnetization) 
for the blocks. Block A Includes the 3) stained surface and Is Iron 
stained over half the volume, B, C and D are unstained, and from Block 
E to H the stain becomes Increasingly more dense — block H Includes 
surface 36. Tlie SIRM (saturation Isothermal renuince; H ■ 8400 oe) record 
Is Indicated below the NRM record. Tlie effect of terrestrial weathering 
on imignetlc proper'^les is always significant as <nJlcated. The full 
0.5 to 2.4 ^im spectra for 33, 34, 35 and 36 and the spectrum from a 
fresh surface are shown In Figure 10 . Tlie fresh rock surface for this 
granitic rock shows an almost constant level of reflectance at .w 40Z. 

Tlie dome shape to the curves between 1.2 and 2.4 iom can be due to 


c 


; I 

(a) Moisture, (b> clnys (are Llndberit \ Snyder, 1968) and (c) FeOOH. Lf 

j ' 

Note In P' gure 10 , the corroded meteorite surface (labelled corroalor j 

surface) has little autiature and no claya and the di>me shape disappears. | 

I , 

Ttie presence of clays would also tend to soften absorption features 

below 1.2 ^M as the spectra are flat and have high reflectance in this 

region. Uunparlng 33 and 34 it is immediately apparent that the 0.9 

^ absorption is deeper in 34 than 33, the bright peak is developed ^ 

and absorption is stronger below 0,6 

QUALITATIVE EVALUATION OF CLAY IN THE PRESENC E OF Fe OXIDES 

We shall consider the region 0.) to 1.2 tjm since telescope curves, 

LANDSAT imagery and Viking lander mult ispectral data are recorded in 

this range. In Figure 10 along with the gibhsite and kaolin spectra 

acquired as part of this study, the NONTRONITE SI’ECTRITM of Llndberg 

and Snyder (1972) has been copied, i.e., we picked the reflectance 

at each 0.1 from 0.3 ,jm and then drew a smooth curve beteen the 

points. From 0.3 to 1.1 ,jm the Nontronite Spectrum has the some 

general shape as FeOOH. In the region between 0.6 ^m and 0.75 moi 

aFe20j and )Fe.>0^ are strongly absorbing. If FeOOH were present, 

strong absorpt Ion would be noted between 0.3 and 0.6 ^ — this is 

not observed for nontronite. Though Llndberg and Snyder did not 

perform hydration experiments with nontronite, experiments with 

Montmorlllonite did demonstrate that the reflectance spectrum is 

strongly dependent on tlie state of hydration. Of the clays they 

studied only tlie roontiiK>r 11 Ionites siu^wed significant strong absorption 

between 0.5 and 0.9 ^jm after dehydration. If a mcntmoril Ionite clay ' 

Is present at the Martian surface It follows that the clay not only 
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must be Iron rich but in a very low state of hydration. Adams and 

McCord (1969) found that it was: not possible to model the Mars telescope 

curve by adding FeOOH to powdered basalt; they would experience the 

sane problem with Nontronlte, but to a greater degree, because of the 

high reflectance below 0.6 |im. Note also that dehydration flattens 

the clay curves beyond 1.2 (am (Llndberg and Snyder, 1968) eliminating 

the deme shape as mentioned earlier. 

ROCK TYPES - As shown previously a fresh granitic rock has a 

reflectivity of m 40X (Figure 10 ) . A fresh granodiorite (from the Glen 

Alpine Stock (Peikert, 1964) has a reflectivity of .w 30Z as shotm in 

Figure llA (98 A) . Stained surfaces (20B, 23C) show higher reflectivity 

and stronger absorption below 0.75 Mm, but show no strong evidence of 
3 ' 4 ‘ 

the Fe absorption feature. Figure IIB shows reflection spectra for 

200 mesh powders from a series of GAS powders chosen visually to 

represent degree of weathering. (GIA was deep reddish brown and G105 

was gray.) The surface spectra and rock powder spectra are distinctly 

different. The reflectance ratio R(0.5 Mm)/R(Q.9 m>r) varies from 0.9 

-4 

to 0,5 as the initial magnetic susceptibility varies from 34.9 x 10 
emu/gn to 4.12 x 10“^ erou/gm. This is associated with oxidation of 
Fe^O^. Pertinent data on the GAS powders and GAS'98 and GAS 20 surfaces 
are listed in Table 3 . 

Fresh Diorltes exhibit a constant reflectivity of 20? (Figure 12A) . 
Surfaces from two hand samples were removed and their spectra were ac~ 
quired (Figure 12A) - Table 3 lists the surface state and NRM values 
for each surface. Fresh ultra-basic rocks (Llaardite^ Serpentinite) 
exhibit a constant reflectivity of ~ lOZ (Figure 12B) . Though we have 
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certainly not conpleted a synt eimiuit ic Htudy of rock Hurfaceii — this 

was not the purpose of tills study — it appears that from rock surfaces: that 

refltH'tanre increases witli increasitiK acidity, that fresh rock surfaces 

show essentially flat spectra, tliat the jignif leant alterations are 

related to stains and coatings and that the magnitude of the effects 

of stains and coatings increase with rock acidity. An interesting point 

observed in the reflection spectra from all rock surfaces studied Is 

3+ 

that only in the granitic rockwas the .w 0.9 (om Ke feature well developed. 

MlXTURKSt CLAYS ANO SOILS - Potters nurture clay through various 
'mystical* stages before their end product is realized. The plastic 
clay the potter begins with is refined and homogeneous, care being taken 
to remove sulfides, carbonaceous material and iron particles. Shown in 
F igure 13 is a spectrum of a plastic clay surface, dried i.o the 'leather 
hard' stage. Tlie smooth dome shape with the water bands i.i typical. 

Prior to glazing, the body (s next 'Bisque fired', at ~ 700^'c In flowing 
air. As the spectrum ii 1 •rstrates the uFe20^ characteristics of the 

3+ 

recultant light pink body are clearly evident, l.e., the 0.87 ^im Fe 
feature, the flattening of the curve (which may also be due to dehydration) 
out to 2.4 the simill bright peak at 0.75 ^in, and the strong absorption 
below 0.6 taro. 

A series of 6 loam soils from the State of Miryland were obtained 
from the University of Haryland Agronomy Department. The soils have 
been well characterized by members of the Department. Table 4 lists 
some of the characteristics of these soils. Spectra for the soils 
arc shown in Figure 14 along with spectra from a white sandstone surface 
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and a clay coated (niiturnl aurfuco) limt'Htone surface. Ttie sotls 
are divided into 3 groups (see Table 4) on the basis of tliei.* curve 
shapes. The free iron vs. clay content of the soils is plotted in 
Figure 15 along with the initial susceptibility (X^) valuen from Table 4. 
Tl»ere is an excellent correlation between free iron, and the clay 
content. The only exception is tiu* I’eiin loam, the large value is 
due to the fact that only from this soil was it possible to rt move 
large particles with a hand magnet wliich Is consistent wltli the presence 
of large multidomain particles. 

Tlie 0.9 ^jm absorption in the soil spectra groups is Intensified 
as the free iron content Increases, rrom thin figure It is clear that 
it is difficult to distinguish among loamv soils, a sandstone surface, 
and a weathered limestone surface and more detailed studies are 
required to Indicate which spectr.il ranges are best for 
d Iser Irolnat ion. 

lA’N ‘AAA ANJl iXAA's.ioN products 

A series of sample powders frif.n the roetamorpliosed Hiwabik fornuit ion 

were obtained (Krenclj, 1905) and these were studied to test tlie applicability 

of the Fe oxid>. diagnostic features in qualitatively characterizing 

samples of simple mixed mineralogies. Table 5 lists some of the 

properties of samples whose reflect.inee spectr.i are presented in 

Figure IbA. Samples containing aFcjOj (1!3 and 33) have the 0.87 urn 
34 ’ 

Fe feature and the bright peak at 0.75 (compare these spectra to 
F igure 14 ). The yellow sample (91) has the 0.9 jam Fe^^ feature. Sample 
146 contains no uFc^O^ or Fe(X)H and shows none of the Fe absorption 
features. 
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KilogrnmH of motrorltlc 'ithult*' wore picked from one of the Campo 
del Clolo meteorites recovered by t>r. Willi^im Cassidy. The material was 
h.in-i picked to provide visunllv distinct yellow, red and brown fractions. 
Ttu* •'jaterial was then subjected to hand nuignet separation which further 
enhanced the color pu', ity of the lUMi-nuiXnet tc fractions, resulting 
in extracted m.ignet tc hr»*wn mjiterial. Spectra for the fract l»»ns .ire 
shown in Figure IbB. ITie yellow and brown non-nwignet ic fractions have 
the 0.9 ^im Ke'^ feature while the red fraction has this feature near 
0.87 nm. The colored non-magnet ic nuiterlal had higher reflectam’e at 
all wavelengths and well developed Fe^^ features compared to magnetic 
fract ions. 

HASAI.TIC RiH;K IMWDKRS 

A series of chemical I v an.ily*ed Peerto Rico Trench basaltic rock 
powders (400 mesh) were oht.iined from Dr. Ardrew N.ilwalk. Spectra for 
the Class 1 and Class II rocks (Wasllewski, 19t»8) are sliowu in Fi gur e I7A. 
The Class I rock (02017) contains optically honx’geneous t i t n.uxnagnet ite , 
with an oxidation index (Fe^^/Fe^^+Fe ^*^) of 0.27 ind the powder is a gray 
color. Beneath the spectra the relevant magnetic properties for both 
rocks are listed. The thernumagnet Ic characteristics .if both classes 
of rocks are summ.irized in Fi gure 17B . The 820 ^ content of Class 1 
rocks is 1.12 f 0.22 and for Class II rocks is 2. .13 + 0,41. The a.ashed 
spectral curves in F igure 17A are those obtained after heating the 
powders in air at Ii00‘’c for 2 Iiours. The I pm feature shifts to 
slightly lower X after healing. The Class II rocks have higher re- 
flectivity Initialiy .rnd the difference on heating is greatest for 
Class II rocks, the contrast between the heated and unhealed samples 
is significant in the region 0.5 to 0.9 pm. 
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MFTKORI TK-A:. rEW>l I> MATCHES 


('haim.in aiul SdllHhiiry (I*)?!) aiul mi>rt> rt'ci*ntly Cafffy (1476) have 
iMMHurca laboratory rof loctaiu'p H|H*rtra for noarly all motooritt* groupa. 
(Wiffpy (1476) coiioliuloM "It haa boon ah«n<m that oach nn'toorilo typo 
rpproaon* ing a partlrular mlnoral aaaomblagt’ aiut mot ana^rphlc grailo 
haa a charaotor lat lo rof I oot aiu'c curvo and that apoctral charartor lat lea 
can bo undoratood in torma of tho tvpo, oompoalt Ion, rolatlvt* abiindanov 
and dlatrlbution of tho oonat ituont minoral phaHoa". Eai’h group of 
PK'toor Itoa ala*.» haa a dlatliu-tlxp range of magnet io propert lea 
(Waailewaki, 147S). The nwiln tliruat In me.iaurlng laboratory refleetance 
eurvea of meteor Itea haa been to atti*mpt to m.itch tlieae cureea with 
teleacoiM’ reflectivity curves of asteroids. Tlu*refore, once such a 
match is mad*' we c.in specify within close limits the magnetic properties 
of the asteroid. Figure ISA la a plot of (the initial suacept lb 1 1 it v) 
vs wt X Fe + Nl. (This data is from t lie Russian llter.iture — see 
Cuakova, 1474). The l>lgh values for Enstatite chondrites is related 
to the large metal grain sire and Si content of tlie metal. F igure ISB 
is a plot of X^ vs Fetrologic Class for the ordinary clu'ndrltes. The 
spectral curve parameters of Chapm.in and S.il isbury (1471) are included 
to indicate the systematic variation in the spectral and magnetic data. 
CllWF.NTS ON MARS 

Tlu' Martian surface appe.irs to he yellowish hri»wn (Muck et al . , 
1477). This is consistent with the presence of Fe'XRl providing the color 
is due only to a discrete iron species. According to Hinder et al., 
(1977) this is al 22 consistent with a model requiring a llim»nlte strain, 
on the rock blocks and fines, formed by chemical weathering of mafic 
minerals in igneous rocks. Hinder and Cruikshank (1464) consider the 
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Ilnk'iilti* to !>e tlorlvt'ii t r»*w ohomti'nl wo^tln'r (ng In <«n oitrltor o|H*oh 
whon H^,0 .iiui 0, woro nK>r«> .ibiiiul.iiit in llu* Hirt Ian atuioHplu'ro. MuKUfnlu 
on Iho othor haiul argnoM that l»\' plu'to-Nt Innilatod oxitlation of 
nviflo mtnoraiN inulor proaont Mirt tan I't'ikiit iona oonUI ho roNponaihlo. 
Hnok ot a!. (I‘<77> oa tho haala of th'Ir apootral vof loot anco moaHiiro- 
monta oonalvlor that Fo rich nsmt mor 1 1 Ion ( t o (nontionlto) migitt ho 
proaont . 

Spootr.il roflootanoo oatimatoa of lliiHMttto (Hnok ot al . l‘*77, 

Ftguro 4th, mlaa tho iliatiiuttvo 0.h4 ,tm foaturo for Foik'H, proaont 
ti» lU't looahlo oxtiMtt tn all link'n(tt*a (aoo Flgnro h aiul li>'. I.lkowlao 
tho KoiHMI oatimati* 'poak* (a loo.itotl at 0.7^ whilo 'oatimatoa* 
(Fignro 7 in Hnok ot al . I‘*77) for anrfaoo looat Iona ilof iitit«>lv pi«aitit>n 
tho hnmp at ~ 0.8 nm. Thna tho liata onrrontiv avall.ihlo loavoa nn- 
roaolvoO anv oorroot Joa I gnat ion »)l a part ionlar apooloa roapottalhlo 
for tho vollow hrown ooior of M.tra. 

Fxamln.it ion iW tho nonlrtniito rtpootrnra (o.g. , l.iiulhorg ot al . W72 
aiul Fignro lO) rovoala a aimilaritv to FoiHMI In tho rogi««n 0.h-0.7S nm. 

Ttio atrong ihaorpt iiMi holow O.P tim for FoiH'H - oomp.itoil to nontronito- 

nvikoa thoao apooloa il I aoornahlo. Clark ot al. (l‘>7b> diaonaaoO tho 
point that till' ohomloal data la inoona lat out with a oont Innona Fo 

oxldo ooat ing nx'io than 0.2S ,im tlilok on tho allloatoa aiul that moat 

of tho oxidoa mnat oxlat aa diaoroto go.'iina »>r Inolnalona within 
aUloati's. Hargravoa ot al. (l‘>77), oonolndod that tho hulk of 
partloloa olinging to tho magnota aro In faot oompi'alto, oaoh oontalning 
a small poroontago of highly magnot lo imitorlal. in vlow of tho anppoaod 
oompoalto natnro of attraotod m.ignot lo part lo U t ho laok of dofinitlvo 


Nportrrtl liifiirnuit ion, and tlu* varlotiM |>ohh IM I it Ioh for tin* H»*uroi* of 
M^irtian Nurfaco coloration, o.^., photoat innilatcd oxidatioi. and 
pi>aMihly dehydration (Huiincnin, I**?!) atui nontronite dehvdrat ion 
(M^icKen.r it* and Kogera, ld77). It would .ippear difficult to identify 
part idea attracted to the lander Rwigneta. However, baaed on color 
of compoaitea graina alone and the nuignet ic attraction, any magnetic 
apeciea la poaaible. If the apeciea attracted to the magnet a were 
diacrete graina .ind no aignificant aurface coating extated tlien magnetic 
attraction and color would indicate ^Ke.,0^. 

CONHllSlONS 

I'.d Ivlduala interpreting lANOSAT lm.igerv ahould find available 
apectral data inadequate for lnterpret.it ion prlimirlly becauae the rock 
powder data, mineral mlxturea etc. do not repreaent tlie true Im.ged 
aur facea. 

A rock powvlec la not a repreaent at ion of the rock aurface, and a 
soil no m.itter how it is derived la not repreaented by rock pi>wdera 
or simple miner.il mixtures. Kven for tlie lunar aurface .1 powdered 
rock is a totally inadequate representation to a telescope curve. 

In remote senatag of solid solar system bodies tlie natural weathering 
environment appe.ira to be the most imiH>rtant factor in determining 
surface spectra. 

In this paper the spectra and magnetic diagnostics for tlie common 
Fe we.it her ing products have been described, and the importance of the 
type of weathering surface lias be«*n .idequately outlin«*d. F.xamples 
support a simple two ci*mponent model for remote aenaing of terrestrial 
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Mur fact'll, aa Kc weather Ing proiiuctii and claya, though in reality the 
Murface minernlogv may conaiat of carhonnteH, Hulfaten and other 
tranaition mt'tal product!* an well an SiO^ and ^12^^^ etc. 

M.igiu t ic propert lea have been emphaaltod for two prlnwiry reaaona: 
(a) they can be used to evaluate the weathering aurfacea and nK'ultor 
tlie depth of weathering. In our examplea, tlie atained rock aurfacea 
tuive aobatratea (di>wn to aeveral mm) which are leaa altered magnetically 
tlian the aubatrate bene.ith a coated aurface, (b) Kuture NASA 

pl.inet.iry miaaiona nviy inchufe exp»*rimenta wtileh provi«le apectral and 
magnetic data. Tliereforc it la impt'rtant to hive a data baae in order 
to m.iximl*e Interpretive capability. Tliia rejiort repreaenta a beginning 
In thia direction. 


IH 
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TABLK 1 

Propvrtlrs of >^*->20^ SMmplcii Uiird in thin Study (C.K. WlIliamN & Co. Ml> Sorios) 


SPF.CIMra # 

COIXiR 


PARTICLE SliAPE 

H^(oe) 

2035 

yellow brt>wn 

0.2^ 

.loicuKir 

345-365 

2530 

yellow brown 

0.2 »om 

AC irul .ar 

385-305 

5029 

yellow brown 

0.5 4IB 

ar icular 

275-300 

9853 

brtnrfn 

0.05 

cubic 

515-555 


TABLK 2 

Rof loctiince (R) Ratio for aFocHMI, yFimOj aixi aFo,0^ 

aFoCHiH VFo 203 aFcj^’j 

R(0.b ^)/R(0.75 M») 0.42 0.50 


R(l.O ^im)/R(\.2 ^m) 


0.60 


0.72 


0.58 


Table 3 


• MaKnetic And Spectral Curve DiagnoRtlcii for Synthetic Iron Oxides 


Spec les 

T 

M 

M(i*mu/gm) 

Color 

Fe^^ Feature 6 Curve Shape 

Fe 

1050 K 

218 

— 

none - slope increases with A 

FeO 

198 K 

— AF 

— 

none 


850 K 

96 

black 

none - flat curve with shallow 
and broad 1 ^m feature 

YFe 203 

~870 

66-76 

broi«m 

0.90 ^m - curve shape 
diagnostic^ 

aFc 20 ^ 

950 K 

0.5 

red 

0.87 

aFe(XMl 

~200 K- 

-af 2 

ye 1 1 ow 

0.64 ^ + 0.90 41 B 3 


- Magnetic tranaitlon temperature 
M 

M - Magnetic moment, AK ■ antiferromagnetic 

1 - At this temperature YFe 203 (brown) t Jnverts to aFe 203 (red) 

2 - Pure aFeOOH should be ant iferronuignet Ic , however, some species 

studied do have moments < 10 emu/gm. The other FeOOH species 
( 6 , y) have moments < 20 emu/gm. 

3 - See Figure 6 and 10 for curve shapes. 



TABLE A 


Magnetic Data on Glen Alpine Stock (GAS) Granodiorite Surfaces and 

Powdera and RU Diorlte Surfaces 


GAS Surfaces 



Specimen 

Surface 

NRM 

GAS 98 

Fresh 

0.266 X lO"^ emu/gm 

GAS 20 

Stain 

1.922 X 10 ^ erou/gm 

GAS Powders 



Specimen 

Color 

Xo lO"^ onM/gra 

GIOSA 

Gray 

3A.87 

G19A 

Reddish 

13.02 

GllA 

Reddish brown 

9.95 

GIA 

Deep reddish brown 

4,12 

RW Dionlte Surfaces 



Specimen 

Surface 

NRM 

16 

Fresh 

1.88 X 10 ^ eou/gm 

15 

Stain 

2,93 

lA 

Dense stain 

19.56 

13 

Coating 

21.28 


MOTE: The magnetic susceptibility and saturation magnet tssat ion values 

decrease and the NRM values increase with weathering. 



TABLE 5 

PropertlcM of M.iryl.ind Loam Soils (Ap Horizon) 


Soil 

Color 

Free Fe 

(10“^emu) 

Sand 

Silt 

Clay 

Minor 

Dark red brown 

1.95 

5.27 

35 

38 

27 

Hagerstown 

Dark red brown 

2.16 

4.76 

42 

30 

28 

Myersvll le 

Yellow 

1.52 

2.72 

9.5 

70.4 

20.1 

Neshamlny 

Yellow 

1.63 

3.40 

49.5 

32.2 

18.3 

Matapeake 

Brown-dark brown 

0.65 

2.21 

26.2 

63.4 

10.4 

Penn 

Dark red brown 

0.84 

10.54 

28.9 

53.8 

17.3 


Table b 

PropertleH of Biwablk Formation Samples 


Sample 

tk> 1 o r 


SlOj 

CUe^O^ 


146 

Cray 

9.2 

— 

— 


113 

Deep Red 

29.42 

40-50 

5-10 

10-20 

33 

Pink 


90.95 

5-10 

2-5 


91 


Yell ow 


j.04 


A- IRON POWDER 

» c- 

A-ORIGINAL 

•F400H(A) 

B-TRC1LITE 


B*473*K* rF«jOj 

C-CHONORITE METAL 


C-573*K-rF4j05+«fi|j05 

rF«^B) - 

DE-OCNORITE PYROXENEU ?: 

D-€73^ - yfiijOs+wFifOj 


F-CHONORITE OLIVINE 


1 E-773*K-«Fii0s 
60L F-873^-«Ri^ ^ 



4 5 6 7 8 9 10 1.1 12 

wavelength {rr»croni) 


5 lO 

WAVELENGTH (mcront) 


4 S 6 7 8 9 10 

WVVELCNGTH (iiMram) 


Figure 1. (from Wa>ilcwski. 1974) 

(a) reflectance cur%e\ for Bruderheim (16) separates and iron powder, (h) reflectance curves illustrating the changes 
associated with oxidation of Fc-jO^ (see text for descnption of experiment ). (c) refWctance curves demonstrating tlie 
differences between aFe(K)H. and 7Fc,0, and the pnxluct oF-,0, after thermal conversion. 





o 


o 

o 

o 

o 



BRUDERHEIM ( L6) SEPARATES 


Figure 2. M.ignetic hysteresis K>ops for Bruderheim separates (measured at 78 K). 



T 



l iguro 3. \-r.iy n|Vv. Ii.i tihl.iiiunl tui ,i Noroli-o (litlr.u l«)i 
raiiiatiiMi. NumlviN al (i>|' ol voilual l;no> an* iU’hii'on 


i h. 


t ^ 



iT iiMMu iri>ii lilli'ii'il ('ohalt 
I lii'so ai.' Name sainpU's a« m 



MAGHEMITE 



12 3 4 5 6 

TEMPERATURE “C(IOO) 


ALL MAGHEMITE CONVERTED TO HEMATITE 


MAGNETITE 



TEMPERATURE "C(IOO) 

l•'igurl' 5. Hu nm'inajsiuMic lUivos lor majilu’iniU* aiul si/o trraiU'il l (Ili'alinn 

to (iSlA* in approximately I lr»>iir m air.i 
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Figure 6. fa) Reflection spectra for maghemite specimens and for maghemites 5029 and 2035 after heating at 200'’C for I 
hour in air. Also mciuded is the spectrum for Fisher a FejOj powder. 

(b) Reflection spectra foroFeOGH and 7 FejOj and the rc*sultant oFcjOj spectra obtained by heating at 600‘'C for 2 hours 
mair(Fe(XJH-*aFe 2 0j), andat 500''Cand600“rfor 1 houreach (TFcjOj-oFejOj). Fe^ absorption features are 


identified. 



cm~* 


Figure 7. Absorption spectra taken from the literature (KBr peUc; technique) for iron oxides 
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35 



5 6 7 8 9 ION 1213 

WAVELENGTH {micrometers) 




SIRM (lO'^emu/g) 


10 



H 2.075 
G 

F 0.786 


35 face (coated) 


j E 0.618 

^ D 0.351 

' C 0.334 

I B 0.196 

A 0.448 33 face (stained) 


f igure H. (u) Plan view of rock slice ~ 1 cm thick indicating locations of stained (33, 34) 
and coated (35, 36) rock surfaces used to acquire retlection sivctra shown in (b), the 
approximate location of the strip which was cut into blocks A to M and the XYZ 
coordinate system fixed to the blocks, (b) Retlection spectra for surfaces 33, 34, 35 and 
36 and for a fresh surface, i.e.. from the area marked ‘no stain’ in (a), (c) Magnetometer 


record of NRM and SIRM for blocks A to M. 




Kiguro (;i ;iMil bi Sv .mniiig diMron micrographs of stainal surlaco illustrating 
crystalline surface aiul fine wcatlicring prinlucts. (c atul d) SI '* t<f coated surface !.?(.» winch 
gives lU) iiulication ol .1 crystal snrlace only a globular and continuous coating. 
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100 


KAOLIN 


HFMATITE 




l igurc 10. Roflcction spectra (0.5 to 2.4 for the same surfaces in Kigure 8(b), a 
corrosion surface on a piece of C'ampo del ( ielo iron meteorite (coated surface, aFe^Oj, 
Oj and FeOOH. Included are partial spectra for Ciibbsite, Kaolin and Nontronite 
(copied from Lindberp and Snyder ( 1972)). 




WAVELENGTH (mtcrome‘er) 




1‘igtirc 1 1. Rcllcction spectra from a fresh (‘>8 A) aiul two staineil surfaces t2.H'. 20U) ot 
Cilen Alpine StiK'k granodiunte. 

(b) Retlection s|K’ctra from 200 mesli (Hiwders of tllen Alpine Stock granodiorites. 







WAVELENGTH /xm 


Figure 13. Rctlcction si'ecira lor plasktic potters clay dried to the 'leather hard’ stage, 
and the s.'inic alter tiring at 700“C' in tiowing air (the Bisque tiring). Also included is part 
of the reflectu'n spectrum for Matapeake silt loam soil (a yellow soil). 
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1 MANOR 

2 HAGERSTOWN 

3 MEYERSVILLE 

4 NESHAMINY 

5 MATAPEAKE 
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7 WEATHERED LIMESTONE 
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WAVELENGTH /.m 
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riitiiro 14. Kcllcction spoclia lor (•> Marylaiul silt li>ain soils, a ‘white’ sandstone surface and 
a cla\ covered surface of a limestone from West Virginia. 



free 

iron 

2.5- 
2 . 0 - 

1.5- 

1 . 0 - 

0.5- 
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oHAGERSTOWN 

bMANOR 

cNESHAMINY 

dMYERSVILLE „ ' 

ePENN ■ 

f MATAPEAKE b*. 

X = 3.40 

•(! 

x=2.72 


•f X ^10.54 

x = 2.2l 

I I 

10 % 20 % 

CLAY CONTENT 


= 4.76 emu 

= 5.27 


_L_ 

30% 


I'lgiirc 15. l*lot of froo iron conlcnl \s. clay conicnl for the (> Maryland %oiU. lire niattnctic 
kU««.'optibitity value for each of the soils is also indicated. 


BIWABIK FORMATION -ORES 
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CAMPO del CIELO corrosion products 



WAVELENGTH (micrometers) 


l iKurc 16. (j) Rclli’ction spcitra lor 200-400 mesh powders trom the Hiwuhik formation, 
(hi Relleetion spectra for mattnetic and non-mapnetic meteoritic scale fractions separated 
initially by hand accordint* to color and then subjected to mattnetic separation to enn nice 
».olor purity. 
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wavelength (micromele!') 

P-QI5 D2-QI7 

OXIDATION IMDEX 062 0 29 

Xo( lO'^mu/gm) 1090 <50 

NRM( M .. ) 4970 5460 

CURIE POINT ~ 580*C 290®C 


OCEANIC basalts 
CLASS I CLASS II 



123456 123456 



I 2 3 4 5 6 



I 2 3 4 5 6 



123456 *23456 


Tfvp^pATjpE «c lOO 



Figure 17. (a) Reflection spectra for Class I (D201 7> and Gass II (DlCl 5) basaltic rocks before and after heating, 
fbi Summars’ of magnetic characteristics of Gass I and Gass II basaltic rocks (after Wasilewski. 1968*. 
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ABSORPTION 

BAND 

CENTER 




0.93 


0.95 


LL 0.97 


BAND DEPTH PARAMETER .93 .88 .82 .80 

I i I i 

ALBEDO (0.56/xm).145 .205 27 26 


RATIO 

R(l.l/zm) 

R(0.75/im) 


1.00 


0.91 

0.87 


Figure 18. Plot of initial susceptibility (x„) vs wt % Fe + Ni and vs chondrite petrolo^c class, included in the Xq vs class 
diagram are reflection curve parameters from Chapman and Salisbury (1973). 



